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PPDA substantial number of transcription factor families have been investigated from all kingdoms of life, but a
particular class of plant-speciﬁc TIFY transcription factors, characterized by a highly conserved TIFYdomain, lacks
a systemic analysis of its origin and evolutionary relationships among different plant species. After exhaustive
genome-wide searches against 14 genomes, TIFY transcription factors were identiﬁed and classiﬁed into four
subfamilies TIFY, PPD, JAZ and ZML according to their different domain architectures. Results show that the TIFY
domainof theZML subfamily possesses a core “TLS[F/Y]XG”motif rather than the “TIFYXG”motif that is dominant
in the other three subfamilies. A comprehensive survey of the TIFY family allowed us to discover a new group
within the JAZ subfamily and to identify several novel conserved motifs via phylogenetic analysis. Evolutional
analysis indicates that whole genome duplication and tandem duplication contributed to the expansion of the
TIFY family in plants.ioinformatics, College of Life
ina.
@zju.edu.cn (M. Chen).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
A highly conserved TIFY domain characterizes a large family of
transcription factors that is speciﬁc to plants [1]. This domain contains
about 28 amino acids and a core motif TIF[F/Y]XG, in which the
hydrophobic aminoacids aremore variablewhile a glycine is completely
conserved [1]. The TIFY domain is predicted to form an alpha-alpha-beta
fold, as shown by secondary structure prediction analysis [2]. Experi-
mental results indicate that the TIFY domain mediates homo- and
heteromeric interactions between TIFY proteins and other speciﬁc
transcription factors [3,4].
The TIFY domain was previously annotated as Zinc-ﬁnger protein
expressed in inﬂorescence meristem (ZIM) domain, which was ﬁrst
discovered in gene AT4G24470, which encodes a putative transcription
factor that contains the CCT domain and the C2C2-GATA zinc ﬁnger
domain in addition to the TIFY domain [5]. The presence of the C2C2-
GATA zinc ﬁnger domain deﬁnes a novel transcription factor family
named the GATA family. Phylogenetic analysis of the GATA family in
Arabidopsis indicated that the 29 GATA proteins of Arabidopsis thaliana
can be clustered into four subfamilies, in which three genes encoding
the ZIM and ZIM-like proteins (ZML proteins) exist [6]. Alongwith ZML
proteins, the TIFY domain can also be found in two groups of proteins,
the JAZ family members and the PPD proteins.Recently, a new protein family named the Jasmonate ZIM-Domain
(JAZ) family was identiﬁed as transcriptional repressor of jasmonate
signaling [7,8], which can be recognized by the receptor F-box protein
COI1 [9]. The compound (+)-7-iso-JA-Ile was identiﬁed as the
endogenous bioactive jasmonate in Arabidopsis [10]. The JAZ protein
is composed of two major domains, the TIFY and the Jas domain, with
the latter mediating the interaction between transcriptional repressor
JAZ proteins and receptor COI1 protein [4]. It has been conﬁrmed that
JAZ proteins are located in the nucleus in vivo, although noDNA binding
domain is found in JAZproteins [11]. The function of the JAZ protein is to
repress the jasmonate response by interacting with the bHLH
transcription factors MYC2 and MYC3, which bind to DNA sequences
directly and regulate downstream gene expression [7,9,12,13].
Two Arabidopsis PEAPOD (PPD) proteins were identiﬁed by map-
based cloning in ppd mutants [14]. PPD proteins possess three
domains: an N-terminal PPD domain, a TIFY domain and a Jas domain
located near the N-terminus. In Arabidopsis, the PPD1 protein has
been suggested to coordinate tissue growth, modulate lamina size,
and limit the curvature of the leaf blade [14], while the PPD2 protein
was found to interact with the geminivirus AL2 protein and the coat
protein promoter [15]. Both PPD proteins have been characterized as
regulators of cell cycle arrest [14,16].
Phylogenetic analysis of the TIFY family showed that 16 proteins
containing TIFY domain can be classiﬁed into two groups in Arabidopsis
[1]. The ﬁrst group consists of three ZML proteins of the GATA family. The
remaining TIFY proteins are included in the second group; all lack a ZML
domain and all but one (At4g32570) have a Jas domain. Further
phylogenetic analysis of JAZ proteins in Arabidopsis suggested that JAZ
proteins can be grouped into four clades [3]. Similarly, 20 proteins belong
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classiﬁed into two groups of four GATAproteins and 15OsJAZ proteins. In
addition, one gene encodes a protein only containing a TIFY domain.
Interestingly, no PPD-like gene was found in the O. sativa genome.
Although TIFY proteins have been reported in Arabidopsis and rice,
a comprehensive survey of all TIFY proteins in plant species from
distinct evolutionary groups is necessary to understand the origin and
evolutionary history of the TIFY family. In this study we conducted
extensive searches for TIFY homologies in public databases. Compre-
hensive classiﬁcation and systematic analysis of the TIFY family
provides fundamental information on the evolutionary history of TIFY
proteins in plants.
2. Materials and methods
2.1. Data collection
To identify members of the TIFY family in plants, the HMMER
program [18] was used to search annotated protein sequence data from
14 published genomes (Table 1). Speciﬁcally, the Arabidopsis data were
from the Arabidopsis Information Resource (TAIR version 9.0), rice data
were from The Institute for Genomic Research (TIGR version 6.1),
Medicago data were from the Medicago trunculata Genome Sequence
(Mt 2.0) and data for all the others genomes were collected from the
Joint Genome Institute (JGI) (Table 1). Previously identiﬁed JAZs, PPDs
and ZMLs in Arabidopsis were submitted to the Pfam database (http://
pfam.sanger.ac.uk) to obtain thedomain architectureof each family. The
TIFY, Jas, CCT and ZML domains are represented by PF06200, PF09425,
PF06203 and PF00320 (accession numbers in Pfam). The searches for
each domain were performed by HMMER with the following criterion:
E value b1e-6. After removing splice variants and redundant sequences,
proteins containing a TIFY domain were divided into four subfamilies
according to the presence or absence of a TIFY, PPD, CCT or ZML domain
in their domain architecture.
2.2. Multiple sequence alignments and domain analysis
The MEME server was run with the default setting for widths to
discover new motifs in the identiﬁed proteins [19]. A multiple
sequence alignment (MSA) of proteins from each family revealed
the differences between subfamilies. The multiple sequence align-
ment of protein sequences was performed by the MUSCLE program
[20], after which MSA ﬁles were manually edited and visualized by
Jalview [21]. The visualization of consensus sequences in motifs was
created by WebLogo [22].
2.3. Phylogenetic tree and exon/intron structure analysis
TheMSA resultswere thenused for phylogenetic analysis.Maximum
Likelihood (ML) phylogenies were calculated for the proteins in eachTable 1
List of the number of genes of TIFY family.
Subfamily Bryophytaa Lycopodiophytaa Eudicotsa
Pp Sm Mg At
TIFY 3 2 1 1
JAZ 9 8 9 12
PPD 0 4 2 2
ZML 4 4 1 3
a The genome data sources: Physcomitrella patens (Pp), Selaginella moellendorfﬁi (Sm), M
bicolor (Sb) from DOE Joint Genome Institute (JGI, http://genome.jgi-psf.org); Arabidopsis tha
rice.plantbiology.msu.edu);Medicago trunculata (Mt) from (http://www.medicago.org); Viti
(http://www.phytozome.net); Zea Mays (Zm) from (http://www.maizesequence.org).
b The annotation of Medicago trunculata genome is incomplete.family. ProtTest 1.4 was used to select the most appropriate evolution-
ary model for ML inference [23]. Then, according to the best-ﬁt model
predicted by ProtTest, amaximum likelihood treewas constructed from
the alignment using the RAxML online program [24], and the reliability
of interior branches was assessed with 100 bootstrap resamplings.
Neighbor-joining (NJ) phylogenetic trees were also reconstructed with
MEGA, using 1000 bootstrap resamplings [25]. Gene structure informa-
tion was retrieved from a GFF3 ﬁle of the genome, and GSDS was
employed to generate the draws [26].
2.4. Synteny analysis and Ka/Ks computing
The ancestral sequences of each subfamily were built by the
Ancestor program [27]. Syntenic information from all examined genes
was collected from the Plant Genome Duplication Database [28]. The
coding sequences were aligned by Pal2Nal [29] and using the Codeml
procedure of the PAML program [30] the rate of non-synonymous
substitutions (Ka), the rate of synonymous substitutions (Ks) and Ka/
Ks were determined. Statistical analysis was performed by the SPSS
statistics software package (SPSS, Chicago, IL).
3. Results
To explore the origin and evolutionary history of the plant-speciﬁc
gene family in this study, we used 14 currently sequenced and
unﬁnished genomes that cover a wide spectrum of plant taxonomic
groups from algae, mosses, and lycophyte to ﬂowering plants: the
green algae Chlamydomonas reinhardtii and Volvox carteri, the moss
Physcomitrella patens, the lycophyte Selaginella moellendorfﬁi, the
monocotyledonous angiosperms O. sativa, Brachypodium distachyon,
Sorghum bicolor and Zea mays and the eudicotyledonous angiosperms
A.thaliana,Mimulus guttatus, Vitis vinifera, Populus trichocarpa, Glycine
max and Medicago truncatula were used.
3.1. Identiﬁcation and classiﬁcation of TIFY proteins
Based on the distinct domain architectures detected by submitting
the protein sequences into the Pfam database (http://pfam.sanger.ac.
uk/), proteins containing the TIFY domain can be classiﬁed into four
subfamilies: the TIFY subfamily, which has only the TIFY domain; the
JAZ subfamily, which contains the TIFY domain and the Jas domain
(also named as CCT_2 domain in Pfam); the PPD subfamily, which
contains the PPD, the TIFY domain and a truncated Jas domain; and
the ZML subfamily, which contains TIFY, CCT and ZML domains.
We obtained 247 protein sequences from 14 genomes by HMM
search using the HMM model of the TIFY domain downloaded from
the Pfam database. These sequences all contain the entire TIFY
domain. To search for proteins containing incomplete TIFY domain,
we also searched for additional domains, including CCT, Jas and PPD
domains, which exist in TIFY proteins in Arabidopsis. The ZML domainMonocotsa
Pt Vv Gm Mtb Os Bd Sb Zm
3 2 3 2 1 0 0 1
12 7 20 14 15 15 16 23
2 2 2 0 0 0 0 0
8 4 9 5 4 6 3 3
imulus guttatus (Mg), Populus trichocarpa (Pt), Brachypodium distachyon (Bd), Sorghum
liana (At) from TAIR (http://www.arabidopsis.org); Oryza sativa (Os) from TIGR (http://
s Vinifera (Vv) from Genoscope (http://www.cns.fr); Glycine max (Gm) from Phytozome
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of the CCT domain in the TIFY family if the ZML domain exists. Note
that there is no domain model for the PPD domain in the Pfam
database, so we built a HMM proﬁle of the PPD domain with the
HMMER program [18], using protein sequences of PPD members that
were identiﬁed in the initial collection. Four more sequences with
partial TIFY domain were detected and included in the study. Overall,
this analysis identiﬁed 247 distinct, non-redundant TIFY proteins in
12 plant genomes (Table 1 and Supplementary Table 1).
Results show that the TIFY family is not present in the single-celled
greenalgaeC. reinhardtiior in themulticellular green algaeV. carteri.We
detected genes encoding the members of the TIFY family in all 12
surveyed genomes of land plants. Comparative analysis of this family
revealed that the number of TIFY genes is between 13 (in M. guttatus)
and 34 (in G.max). The number of TIFY proteins containing only a TIFY
domain decreases from mosses to ﬂowering plants, and such proteins
were not found in O. sativa and B. distachyon. To date, the function of
these genes is still unclear, although it was suggested that these genes
may function in jasmonate signaling along with the transcriptional
repressor JAZ [3]. Members of the JAZ and ZML subfamilies can be found
in plant genomes from mosses to higher plants. Interestingly, the PPD
subfamily exists in species of lycophytes and eudicots, exceptMedicago,
and the number of PPD proteins is identical in eudicots. We have done
Blast searches against M.truncatula pseudomolecule (MT3.5 release;
http://www.medicagohapmap.org) using DNA sequences of the PPD
subfamily in A.thaliana and G.max (closely related to Medicago among
legumes). All Blast searches returned “no hits”, which suggested that
there are indeed no PPD subfamilymembers inMedicago. Regardless ofA
B
Fig. 1. Characterization of core motifs in the TIFY family. (A) The ancestral amino acid sequen
eight amino acids representing the conserved region of the TIFY domain were extracted from
“TIFYXG” is a dominant core motif in the TIFY domain of the transcription factor TIFY familtheir absence in Medicago, our results show that the PPD gene was lost
in the monocots after their divergence from the eudicots.
3.2. Molecular characterization of TIFY family
3.2.1. TIFY domain
By deﬁnition, eachmember of the plant-speciﬁc TIFY family contains
at least one complete TIFY domain. To distinguish the sequence-level
difference of the TIFY domain among four subfamilies, we extracted
sequences of 28 amino acids in length that represent the TIFY domain of
each protein for further analysis and ancestral sequence reconstruction.
Using the Ancestor program [27], the ancestral sequence of each
subfamily was built and aligned to distinguish important amino acid
residues that may account for the functional divergence between
subfamilies. The alignment of four sequences representing the
ancestral sequences of the TIFY domain shows that 13 out of 28
amino acid sites are unvaried (Fig. 1A). Although the adjacent amino
acids are more variable, it is reported that most proteins contain a TIF
[F/Y]XG motif and that some slightly deviating forms also exist in the
remaining proteins [1]. Our data show that 60% of TIFY proteins
identiﬁed in this study possess the typical “TIFYXG” motif (Fig. 1B).
About 14% of TIFY proteins in this study contain the “TLS[F/Y]XG”
motif. The glycine in the motif remains highly stable in all the studied
protein sequences. By examining each subfamily, we found that
proteins in the TIFY, JAZ and PPD subfamilies have a consensus
sequence “TIFYXG” in the TIFY domain while ZML proteins possess a
conserved “TLS[F/Y]XG” motif in the same domain. In addition to the
difference in motifs, we also identiﬁed a change from aspartic acid inces of the TIFY domain were inferred by the distance-based Bayesian method. Twenty-
proteins of each subfamily. (B) The distribution of the core motif “TIFYXG”. The motif
y, except in the ZML subfamily, in which “TLS[F/Y]XG” is more prevalent.
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(Fig. 1A).
3.2.2. JAZ subfamily
Identiﬁcation of the JAZ family of proteins that repress JA responses
has facilitated the understanding of the context of jasmonate signaling.
JAZ proteins are characterized by the presence of an N-terminal Jas
domain that interacts with the bHLH transcription factor MYC2 to
repress JA responses [2,31]. A conserved TIFY domain in JAZ proteins
plays an important role in mediating the interaction between JAZ and
negative regulator NINJA proteins.
Although JAZ has been regarded as a transcription factor and was
experimentally conﬁrmed to be located in the nucleus, its nuclear
location signal (NLS) has been reported ambiguously [11]. The best-
characterized transport signal is the classical nuclear localization
signal (NLS) for nuclear protein import, which consists of either one
(monopartite) or two (bipartite) stretches of basic amino acids.
Multiple sequence alignment analyses of JAZ proteins showed that the
conserved Jas domain has a stretch of basic amino acids that is
conserved, followed by a highly conserved proline–tyrosine string of 2
or 5 amino acids. A recently identiﬁed NLS is PY-NLS, which possesses
a central hydrophobic or basic motif followed by a C-terminal R/H/KX
(2–5)PY consensus sequence [32]. The conserved sequence of the Jas
domain is in accord with the pattern of PY-NLS. A subgroup of the
karyopherin β (also called importin β) protein family that includes
budding yeast Kap104 and human transportin/karyopherin β2
(TNPO1) was reported to function as a receptor for a transportation
factor containing the PY-NLS [33]. Furthermore, using the human
karyopherin protein sequence and KAP104 in blastP searches against
the TAIR database resulted in the identiﬁcation of homologues in
Arabidopsis. These homologues were used as query in blastP against
other plant genomes, to reduce the latent error caused by differences
in the primary sequences of human/yeast and plants. Karyopherin β
homologues can be found in all ﬂowering plant genomes, suggesting
that JAZ proteins shuttle into the nucleus by the typical mechanism of
karyopherin β binding PY-NLSs in ﬂowering plants.
3.2.3. PPD subfamily
We detected four full length PPDs in selaginella and one in poplar
and grape. MSA results showed that the N-termini of these proteins
are highly conserved. To determine whether the PPD family appears
in other genomes, the HMM proﬁle of the PPD proteins was built by
the HMMER program, and HMM searches were performed again. WeFig. 2. Exon/intron structures of JAZ, PPD and ZML genes in Arabidopsis. Different exon/intro
intron phase indicates the position of the intron within a codon. If the intron is not located
introns between the ﬁrst and second bases of a codon and phase 2 designates introns betwfound that proteins with homology to AtPPD exist in S. moellendorfﬁi
and that more PPD-like proteins exist in a wide variety of eudicots
except in the Medicago genome (which is incompletely annotated).
Sequence analysis revealed that the PPD family contains three
domains: a highly conserved region of 55 amino acids located at the
N-terminus and designated as PPD domain, a TIFY domain and part of
a Jas domain at the C-terminus, which was regarded as a CCT domain
in the Pfam database. Compared to the Jas domain in JAZ proteins, the
important PY-NLS sequence feature is missing in PPD proteins
although they still have a region rich in basic amino acid representing
the consensus sequences of the monopartite NLS.
3.2.4. ZML subfamily
Compared with the other subfamilies, ZML proteins contain a CCT
domain and a ZML domain (GATA-zinc ﬁnger domain) as well as a
TIFY domain. The CCT domain was ﬁrst discovered in transcription
factor TOC1 and CONSTANS (CO) proteins, which are known to be
involved in plant photoperiodic signaling and the CCT domain was
implicated in mediating protein–protein interactions [34,35]. ZML
proteins are highly conserved in land species and a ZML mRNA
sequence can be found in liverwort, which leads to speculation that
ZML gene(s) ﬁrst appeared in the early land plants before the
divergence of moss and liverwort.
3.3. Exon/intron structure analysis of the TIFY family
Exon/intron structure of the TIFY family was examined to gain
insight into the possible structural evolution of this gene family. Exon/
intron structural divergence within families plays a pivotal role in the
evolution of multiple gene families. Introns occur in three phases,
which are deﬁned as the position of the intron within or between
codons: phase 0 designates introns between codons, phase 1
designates introns between the ﬁrst and second bases of a codon,
and phase 2 designates introns between the second and third bases of
a codon. We examined the pattern of intron phases of TIFY genes in
Arabidopsis and found that intron phases are conserved.
AtJAZ genes have two intron phase patterns: a long pattern
(102012) for three genes (AtJAZ3, AtJAZ4 and AtJAZ9) and a short
pattern for the rest of the AtJAZ genes, with some variation such as
1212, 2012, or even only one intron (Fig. 2). Two AtPPDmembers have
an intron phase pattern (10201121) similar to the long pattern of
AtJAZs. The intron pattern of AtZML genes is totally different from that
of AtJAZ and AtPPD genes. The intron phase pattern of the AtZML genen structures of AtJAZ, AtPPD and AtZML genes were plotted using the GSDS server. The
within a codon (or is located between two codons), the phase is 0. Phase 1 designates
een the second and third bases of a codon.
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TIFY are less closely related than AtJAZ and AtPPD.
Importantly, we found that the intron phase is highly conserved in
the core TIFY domain and in the Jas domain, compared with other
parts of the TIFY genes. A phase 0 intron inserted in the TIFY domain is
highly conserved at the position of the codon that encodes the 20th
amino acid of the TIFY domain while the Jas domain has a conserved
phase 2 intron inserted in the 18th amino acid position (Fig. 2).
3.4. Phylogenetic analysis of the TIFY family
To explore the phylogenetic relationships between TIFY proteins in
plants, a maximum-likelihood (ML) phylogenetic tree with full
protein sequences from each subfamily was built by the RAxML
webserver [24]. Separate analyses were carried out for each subfamily
because the domain architecture of TIFY proteins is highly variable
among subfamilies, which complicates bioinformatics analysis on full-
length sequences of the protein family.
In a previous study, four groups were proposed from phylogenetic
analysis of the JAZ proteins of Arabidopsis [3]. In the present work, the
identiﬁcation of TIFY proteins from a more diverse selection of plantsFig. 3. Phylogenetic tree of the JAZ subfamily in plants. The phylogenetic tree, constructed us
in the JAZ subfamily. Bootstrap values (N50%) for this tree are shown on respective branchallows a more comprehensive study of the molecular evolution of this
family. JAZ proteins from P. patens and S. moellendorfﬁi are mostly
longer than those in angiosperms, which causes a decrease in the
similarity found between JAZ proteins in the multiple sequence
alignment and the ambiguous location of these proteins in phyloge-
netic trees built by the ML method and the NJ method. We therefore
excluded JAZ sequences from P. patens and S. moellendorfﬁi from our
phylogenetic analysis. Based on the topology of the phylogenetic tree,
clade support values and manual inspection of the sequences, we
found that JAZ proteins from angiosperms cluster into ﬁve groups
(labeled as I–V) (Fig. 3). Of the 12 JAZ proteins from Arabidopsis, for
example, each group contains at least one AtJAZ (AtJAZ1,2,5,6 in group
I; AtJAZ11,12 in group II; AtJAZ10 in group III; AtJAZ7 and AtJAZ8 in
group IV; and AtJAZ3,4,9 in group V). Compared with the previous
phylogenetic analysis of AtJAZ, a new group (group III) was deﬁned as
containing AtJAZ10 and homologies from other angiosperms used in
this study.
In addition to the highly conserved TIFY and Jas domains, we tried
to ﬁnd group-speciﬁc motifs in the JAZ family that might play an
important biological role. By employing the MEME server [19], seven
highly conserved motifs were detected within the groups (Fig. 3ing the RAxML program, demonstrates the evolutionary relationships between proteins
es.
Fig. 4. Network of the syntenic relationship between TIFY members in angiosperm genomes. The available syntenic relationships between TIFY genes were downloaded from the
PGDD database. Nodes represent genes (or corresponding proteins) and edges can be interpreted as duplication relationships. Green nodes mark genes that belong to monocots and
red nodes represent genes from eudicots.
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proteins belong to the group I and that this percentage is signiﬁcantly
higher in the monocots than in the eudicots. As determined by the
motif scan, they contain conservedmotif 7, which has been previously
identiﬁed as a NT domain [9]. Though this domain is not necessary for
a functional interaction between JAZs and MYC2 [3,36], experimental
results in rice suggest that proteins containing this domain can
quickly respond to the jasmonate stimuli [17]. Interestingly, proteins
of group IV have a “LXLXL” motif, which also exists in AUX/IAA
proteins in plants and functions as a binding motif for the regulator
repressor TPLOSS [37]. JAZ proteins are also transcriptional repressors
that interact with TPLOSS protein via a similar mechanism [38]. Serine
is enriched in two motifs (motif 3 and 6). The potential molecular
function of the rest motifs is still unknown.
The phylogenetic analyses of the PPD and ZML subfamilies were
also surveyed; they show that proteins from different species cluster
together in compact clades with high bootstrap values (Supplemen-
tary Figs. 2 and 3).
3.5. The duplication of the TIFY gene
PGDD is a public database that identiﬁes and catalogs plant genes
in terms of intra-genome or cross-genome syntenic relationships [28].
As data only of syntenic relationships within the angiosperm are
available, 200 TIFY genes from eudicots and monocots were used in
this analysis. We found that 81% of genes containing a TIFY domain
can be detected in synteny blocks. The number of duplicated genes
detected by synteny analysis is 8 (for the TIFY subfamily, as well as for
the PPD subfamily), 37 (for the ZML subfamily) and 109 (for the JAZ
subfamily), respectively (Fig. 4). There are no links between different
subfamilies of the TIFY family. It is suggested that many plant
genomes underwent one to several large scale duplication events in
their long evolutionary history, in which duplicated functional genes
were preferentially retained. This view provides an explanation for
the expansion of many transcriptional factor families in the plant
kingdom. Whole genome duplication events within or between
species can account for most of the expansion of the TIFY family.
To determine the extent to which tandem duplication events
affected the evolution of the TIFY family, we examined the position of
TIFY genes in each chromosome (or scaffold if the information from
the chromosome is not available). Two or more genes, located on the
same chromosome or scaffold, were noted as tandem genes. Tandem
genes can be detected in all but three genomes (S. moellendorfﬁi, A.
thaliana and M. guttatus). Our data show that 17% of TIFY genes areFig. 5. dN/dS distribution across different subfamilies of the TIFY family in plants. Ka/Ks
ratios of different subfamilies of the TIFY family were plotted with Boxplot. The Ka and
Ks values were computed in the PAML program using themaximum likelihoodmethod.arranged in tandem, forming 23 pairs of tandem genes. In addition to
whole genome duplication events, tandem duplication events also
played a vital rule in the genesis of the TIFY family.
The Ka/Ks ratio is the ratio of the rate of non-synonymous
substitutions (Ka) to the rate of synonymous substitutions (Ks), which
can be used as an indicator of the selective pressure acting on a protein-
coding gene. The TIFY subfamily yielded Ka/Ks values of 0.284±0.028,
similar to those of the ZML subfamily (0.281±0.015) (Fig. 5). In
contrast, values were lower for these two subfamilies than for the PPD
subfamily (0.378±0.032) and the JAZ subfamily (0.373±0.01) (Fig. 5).
Signiﬁcant differences were between the TIFY subfamily and the PPD
subfamily (t-test, P=0.047) and between the TIFY subfamily and the
JAZ subfamily (T-test, P=0.023). Signiﬁcantdifferenceswere also found
between the ZML and PPD subfamilies (t-test, P=0.014) and between
theZMLand JAZ subfamilies (t-test, P=0.001).We suggest that genes in
the PPD and JAZ subfamilies have undergone greater purifying selection
compared with those in the TIFY and ZML subfamilies.
4. Discussion
4.1. Origin of the plant-speciﬁc TIFY domain and novel transcription
factors
Our results show that there are large numbers of TIFY proteins in all
species of land plants (Table 1). Interestingly, the TIFY gene family is not
present in the single-celled green algae C. reinhardtii or in the
multicellular green algae V. carteri. This supports the idea that the
TIFY domain originated after the divergence of algae from the land
plants. Additionally, not all subfamilies exist in each species. The TIFY
subfamily is not found in twomonocots, B. distachyon and S. bicolor, and
the PPD subfamily only exists in the dicots and in S.moellendorfﬁi. These
ﬁndings raise the possibility that new PPD domain formed before the
divergence of moss from other vascular plants. It is interesting that the
PPD subfamily is absent in monocots. Maybe the reason for that is that
the pattern of cell proliferation during the lamina development in
monocots is quite different fromeudicots and other vascular plants [14].
Some other factors, instead of PPD genes, are required to regulate the
dispersed meristematic cell proliferation in monocots.
It has beendemonstrated thatdifference transcription factor families
shared some common domains [39]. For instance, the B3 domain is a
DNA binding domain that is shared in transcription factor families
including the LAV (LEAFY COTYLEDON2 [LEC2]–ABSCISIC ACID INSEN-
SITIVE3 [ABI3]–VAL), ARF (AUXIN RESPONSE FACTOR), RAV (RELATED
TO ABI3 and VP1) and REM (REPRODUCTIVE MERISTEM) families [40].
These common domains mostly mediate DNA binding or protein
dimerization in eukaryotes [39]. Our results show that the TIFY domain
is such kind of common and conserved domain and is widely present in
all landplants suchasmoss andother vascularplants. It is suggested that
green algae gave rise to higher plants that transitioned to terrestrial
environments [41]. Plants that live on land face more challenges, so
some domains may have been shufﬂed and fused with other domains,
leading to the genesis of novel transcription factors that aided the
adaptation to changing habitats. From two algae genomes, C. reinhardtii
and V. carteri, previous research [42] has identiﬁed a homologous gene
to OPR3 that encodes one important component (OPDA reductase) in
the pathway of jasmonate synthesis from α-linolenic acid. In addition,
JAZproteinsof the TIFY family are involvedwith the jasmonate signaling
pathway. All the Arabidopsis genes encoding the early steps of JA
synthesis have identiﬁable homologs in P. patens [43]. We suggest that
the jasmonate signaling pathway appeared after the divergence of the
green algae and land plant lineages.
4.2. Conserved motifs and their potential functions in the JAZ subfamily
Owning to genetic redundancy it is challenging to study phenotypic
changes and genotypes by efﬁcient reverse genetic approaches, including
135Y. Bai et al. / Genomics 98 (2011) 128–136TILLING, transposon mutagenesis and the use of large collections of
sequenced T-DNA insertions. The knockout or mutation of a single gene-
encoded JAZ protein in Arabidopsis did not show a signiﬁcant change in
the phenotype, which demonstrates that JAZs act redundantly in
regulating response to jasmonate [31,44,45]. Our sequences provided us
with the opportunity to make a comprehensive phylogenetic analysis of
the TIFY family in plants. Through comparative genomic analysis, we
detected a new group within the JAZ subfamily and identiﬁed several
conserved motifs in each subgroup of the transcriptional repressor
JAZ. For example, most proteins in group III of JAZ subfamily have a
conserved “LXLXL”motif,which interacts directlywith the transcriptional
co-repressor TOPLESS in the auxin signaling pathway as well as the
jasmonate signaling pathway. Previous research showed that this
motif exists in many transcription factor families in Arabidopsis [46].
The N-terminal sequence of JAZ containingmotif 7, also known as the NT
domain [9], in a number of JAZs is not necessary for regulating jasmonate
signaling [4,47]. But, it is also suspected that JAZ genes with conserved
regions can be induced by Me-JA quickly, at least in rice [17]. These
differences at the sequence level also imply that theunderlying regulatory
mechanism of these elements in plant is still unclear.
4.3. The expansion and purifying selection of the TIFY family
Most transcription factor families have multiple members in plants
[39]. It is suggested that plants underwent several rounds of whole
genome duplications, which caused the expansion of transcription
factor families in plant evolution [48].Many transcription factor families
were reported to have expanded in parallel with the evolution of
multicellularity [49]. The similar expansion of the TIFY family can be
detected through the comparative analysis of selected species. We
believed that whole genome duplication impacted the formation of this
important transcription factor family. Another signiﬁcant contribution
togenomeredundancycomes fromtandemgenemultiplications,where
two or more homologous genes are directly adjacent to one another in
the genome. Tandem gene arrays represent a signiﬁcant proportion of
all plant genes, ranging from 14% (in rice) to 35% (in maize) [50]. Our
analysis supports the idea that duplication events, including whole
genome duplication and tandem duplication, play an important role in
the expansion of the TIFY transcription factor family in plants. After the
duplication events of these genes, gene retention and loss always occur
in the long evolutionary history. The retention and loss of TIFY genes
varied in each subfamily. We believe that the genes in the TIFY family
were under purifying selection for their functional importance.
5. Conclusion
We surveyed the plant-speciﬁc TIFY transcription factor families
from sequenced plant genomes. Four subfamilies (TIFY, JAZ, PPD and
ZML) were classiﬁed based on their distinct domain architectures.
Comparative genomic analyses were performed to study their molec-
ular characterizations, exon/intron structures and phylogenetic re-
lationships tobetter understand their evolutionaryhistory. Based onour
results, we believe that the TIFY family appeared after the divergence of
algae and land plants and expanded by whole genome duplication and
tandem duplication events, with detectable purifying selection in the
evolutionary of land plants.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.05.002.
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